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RESEARCH MEMORANDUM 

CALCULATIONS OF THE PEKFORM/JJCE OF A C0MPRE3SION-IONITIO1I 

HI0INE-C0MER2SS0R TURBINE COMBINATION 

II - PEfiFORMANCS OF COMPLETE COMBINATION 

By Alexander Mendelson 

Jr'. SUMMARY 

Calculation« 'baaed on test data taken on a • ingle -cylinder 
oaapreeslon-lgnition engine vlth a compression ratio of 13.1 and an 
engine speed of £200 rpm were made to determine the performance at 
sea-level conditions of a compression-ignition engine geared together 
Vlth a compressor end a turbine.    The maximum cylinder pressure vas 
assumed constant at 140"J pour is per square Inch n-A the effects .if 
fuel-air ratio,  ccxpreRHion r.vtij,  exhaust hack pressure,  and engine 
Speed on the performance of the comb m.-it ion were deters:Inod.    The 
analysis Indicated that the net specific p.wer output  increased vlth 
decreasing ccnprcu'lon retJo and Increasing fuel-dr ratio arjd engine 
speei.    At an engine ep.'joi of  2200 r.im and compressor end turbine 
efficiencies of 0.70 an.1. 0.65,  respectively,  a minimum net spec 11'ic 
fuel consumption of approximately 0.40 pound per net horsepower-hour 
vas obtained.    Increasing the compressor and turbine efficiencies to 
0.Ü5 decreased the minli-um net specif?c fuel consumption, to approxi- 
mately 0.32 pound \.or not horr'•power-hour.    Dec^'.irvaing -:.he orpine 
speed to 1200 rpm decreased V:& minlnim net specir.'i'j furl consumption 
to 0.37 poucid per net ho.-aepo.'jr-hcu.;' wfcen the conpres.'jor and turbine 

'efficiencies were 0.70 CL;d 0.05, reflectively.    CcmparJ.con with a 
compression-Ignition engine using a turbosupercharger showed that 
little could be gained by gearing the turbine to the engine, provided 
the turbosupercharger could be stably operated with a closed waste 
gate. 

INTR0IUCTI0N 

The use of Jet-propelled aircraft has aroused great current 
Interest In systems for aircraft propulsion that utilize gas turbines 
aa the prime movers.    (See references 1 and 2.)    One of the principal 
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Itattatlons in the DM of gaa turbines la the energy-oonvereion process 
la th» lack of materials that withstand gas temperatures above aprirox- 
iMKfeoly 1600° r.   In order to maintain the temperature below this limit, 
a large amount of excess air must be supplied, which lecreaaes the 
energy per pound of gas that oan he extracted by the turbine end conse- 
quently seriously reduces the net saver output of the system. 

A dual power unit consisting of a highly supercharged compression- 
Ignition engine goared to a turhlne has been proposed. (See refer- 
ences 1, 3, and 4.)    The compression-ignition engine can operate at 
high pressures without the occurrence of knock end preignition and In 
the design of the engine some control of tho temperature of the gas 
entering the turbino can he effected hy varying the fuel-air ratio of 
the mixture b'imod in the engine. The design oporating conditions of 
the system oan ho so adjusted that the turhlne, supplied with tho 
exhaust sae from the engino, will produce a large proportion of tho 
power» 

Te3t data on the perforoance characteristics of a highly super- 
charged compression-ignition engine, as voll es information for the 
calculation of release temperatures anc1. pressures, aro „:rcsonte&. in 
reference 3. At mixtures riehei than atoiohiomotrlc the enorgy in the 
exhaust gas of a coaiidreasion-ijnitlon oiglne is shown to he in excess 
of that needed for nuperchrjrgins. No attempt is miic".e in reference 3 
to estimate the performance of the er-3ine-turbint combination. 

Hie calculations presented heroin vere therefore undo to iotoinine 
the performance of a compression-ignition engine, a turbine, end a 
compressor geared toother, Th-j calculations ai-e basud on the data 
presented in reference 3. Ho dita as to tho effect of exhaust back 
proasuro on voluaotric efficiency were available; therefore a theo- 
retical equation given in roferonoe £ was used. Tho effects of fuol- 
air ratio, comprussion ratio, engine hack pressure, and engine spoed 
on tho performance of tho combination wore computo* to find the oper- 
ating conditions for minimum specific fuol consumption. Tho  difference 
betweon tho rosults of tho theoretical analysis of tho porformanco of 
a compression-ignition enclno-c -auprossor-turbine combination reported 
In reference I- and the results obtained in the- present investigation 
is discussed. 

ANALYSIS 

Calculations based on test data from reference 3 at a compression 
ratio of 13.1, at an engine speed of "200 rpm, and at NACA otandard 
sea-level conditions vere made to determine tho net specific paver 
output of the compression-ignition engine and the turbine and the power 
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.' Input to the supercharger,   übe data taken at this oomrxresgion ratio 
_.    Vera extrapolated to other eaanression ratios.    Efficiencies of 0.70 

.»••'.   "     ao& 0.65 vere asauned for tha corapressor and the turbine, respectively, 
these efficiencies take Into account the searing efficiency.   F^r one 
Mt of calculations the compressor and the turbine efficiencies vere 
raised, to 0.65.   An intercooler of SO percent effectiveness wee 
assumed- in all calculations.    The net sneciflc povor output   nh?    of 
the oceibination is given by the relation 

.•?•»«•;..•• nhp • blip + tip - slip 

where-. 
bhp '  brake horsepower of oontpreanion-ißnition engine ijer cubic inch 

./' of angina dieplao assent 

• .1*?'    horsepower output of turbine ?er ov.bie inch of eacins 
displacement 

shp '   horsepower required by supercharger ?or cubic inch of engine 
diaplaneo&ant 

3he net specific fuel consumption   nsfo    oan then bo found by the 
equation 

_» a      -.        lht> aefo » iefc -JT^ 

where 

. iafc Indicated opocific fuel connunntion of ci-a->i,€3Bj.Tn-'?.tXiition 
engine 

indicated specific h^reepovor of ccoi;'reasior--i;}«itiain angino ihp 
The nascimuEi ayllridar preosvi-o In all otic .lati.T..3 van asauEu-d 

constant at 1400 pounds :>er a<i"Avo inch,    üilet-air jaruss'irsa of SO, 
60,  SO,  and 150 inch'SP of mprcvj;»- äuüol-ite vore aar'Utfi, with t>.u 
following caB.prt3slm ration aasriaed Jr. each cae: ti -ivo a :naxi.-E^i 
cylinder vroae-ore if 14% T>O'"I(1P pf.r eruaro Inch:     ^T.J,   i7.-i,   1S.D, 
and 0.8.    At each of th'jse oortruroBelor. ratica, fovr fuel-air i-atJos 
varo nsajEied:    0.02C,  0.0S5,  0.050,  ?r.d 0.OC5.    W.o effect of 
varyine t2?o ratio of exhiust bscir prosavre to inlet-air pvoosn-iro 
on the net aiiecific power outpv.t &nd the n.-t irocif :'.c fue: cansunp- 
ticn of tlie coml)in&tion at each o_a tiieac ccaiditijno *.raa dutomi.-!»^, 

I 
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 i mloulAtlons WM» and« »t four engine speeds: 1300, 1500, 
HOO, eod 8200 *jm. In order to determine the effect of more efficient 

, ' oOJ&onents on the performance of the combination, the calculations were 
»11 repeated at an engine speed of 3200 rpm with the compressor and 
turbine efficiencies raised to G.85. 

The performance of the compression-ignition ongino and the data 
neooasery to calculate the axhauet-gas temperature wore taken fron 
reference 3. The injection was aasuqed to he so retarded that on 
Indicator card similar to figuve 10 of refcroncc 3 with airiest constant- 
pressure combustion w-juld lie obtained. Tho conbuetion chamber used in 
tho teats of rof erotic o 3 is shown in figure 1. As can ho seen, tho 
Inlet and eaJiaust valves ara directly opposite. Whan tho inlet-air 
prossure is Lighor than the oaCiaunt bac!; pressure, an}- lncroasc In 
valve ovorlap would cause a ro:.ativo3jr high lose of frosh charge through 
tho exhaust ports. This IJOO wculd inoroaso tho air flow and the powor 
reguirod by tho compressor end would fecroaco tho power output of tliu 
turblno per pound of air as a result of dilution of tho hot gas. Tho 
hotter scavenging obtained, l-.owc.iror, would tond to compensate for this 
decroase in turbine power oetput, partisularl;' at low compre3sJ on 
ratios. When tl:e rachaust hack pressure is higher than tho inlot-air 
pressure, the air flow would he reduced and the scavenging wuv.ld he 
very ;x>cr. It ie assumed in theso calculations thab no efi'sct^vc 
valve overlap was need. Inasmuch as no roliahle data on the tiffoct of 
large exhaust back pressure on volumetric efficiency wore avail sole, 
this efficiency way theoroticall;' celculj'.trsd by aouia  of eqcnti-in (3) 
in the appenilix. The effect of e:chauBt book ^rtspure or. volumetric 
efficiency thus obtained Is probably too small even though no valve 
overlap was assumed. This orrar would tend to shift the point of 
mlnimun specific fuol consumrtion to a higher ratio of «diaust back 
pressure to inlet-air pressure than -light actually be expected. This 
equation do*3 nut take Into account heet transfer fraß the res\dur.l 
gases or tha dynamic effects. 

DISCUSSION OF RESULTS 

The variation of net specific power output and net specific fuol 
consumption of the combination at sea lovel with ratio of exhaust back 
pressure to inlet-air pressure for various fuel-air ratios and com- 
pression ratios is shown in fl,?ure E.    The ongino speed is 2MG i-^ra 
and the compressor and turbine efficionci.es aru 0.70 and 0.6S, respec- 
tively.    Tho net specific power output increases with decreSBO In 
compression ratio and with increase in fuel-air ratio because of l:i(.£i 
inlot-air pressures at tho low compression ratios end high heat inputs 
at tho high fuel-air ratios.    At any glvon fuel-air ratio and cort.a-os- 
slon ratio, the not spociflc powor output lncroasos to a maxiaum value 
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with Increase tn the ratio of exhaust 'back pressure to Inlet-air 
pressure and then decreases, nie ratio of exhaust back pressure 
to Inlet-air pressure at which the net specific power output la a 
maximum varies from approximately 1.0 to 1.5 as the compression 
ratio is Increased from 8.8 to 29.2. When the retlo of exhaust 
bask pressure to Inlet-air pressure is less than approximately 1.0, 
the turbine power output increases with exhaust back pressure at a 
faster rate than the compression-ignition engine power output 
decreases; the net specific power therefore Increases. With further 
Increase In the ratio of exhaust back pressure to Inlet-air pressure, 
the decrease In volumetric efficiency and the Increase in engine 
friction causes the engine net specific power to decrease at a faster 
rate than the turbine power Increases. The net specific power output 
therefore decreases. 

The net specific fuel consumption shown in figure 3 reaches a 
minimum value at a ratio of exhaust back pressure to Inlet-air 
pressure that varies with fuel-air ratio and compression ratio. The 
variation of this minimum with fuel-air ratio for the various com- 
pression ratios is shown in figure 3(a) and its variation with 
compression ratio for various fuel-air ratios is shown in figure 3(b). 
The corresponding net specific power outputs are also plotted. The 
optimum operating condition for low fuel consumption occurs at a 
fuel-air ratio of approximately 0.035 and a compression ratio of 
approximately 14.0. The minimum net specific fuel consumption 
obtained Is approximately 0.40 pound per net horsepower-hour and 
the corresponding net specific power output is approximate^ 
0.50 horsepower per cubic inch. When the fuel-air ratio is increased 
to 0.050 and the compression ratio decreased to 10.0, the net specific 
fuel consumption is increased approximately 6 percent but the net 
specific output is increased approximately 80 percent. Very little 
gain In fuel consumption would therefore be obtained by operating at 
the point of minimum fuel consumption, wheroas the engine weight 
would be greatly Increased. 

The variation of minimum net specific fuel consumption and 
corresponding net specific power output with fuel-air ratio at an 
engine speed of 1E00 rpm is shown in figure 4. The fuel-air ratio 
at which the net specific fuel consumption is a minimum lias decreased 
from 0.035 to 0.030 (compression ratio, S.S). The minimum net speciflo 
fuel consumption at this fuel-air ratio is approximately 0.37 pound 
per net horsepower-hour. Curves similar to figure 4 were drawn for 
engine speeds of 1500 and 1800 rpm and the points of minimum net 
specific fuel consumption were then plotted as a function of engine 
speed in figure 5. 

9m 
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effect at Increasing the efficiencies of the turbine and 
to 0.85 la «hewn In figure 6. Comparison vlth figure 5 

•ham that the minimum net speolflo fuel consumption at an engine 
•peed of 2300 rpm has decreased to approximately 0.32. The corre- 
sponding net specific output has Increased approximately 75 percent, 
lhe oanpresalon ratio at which this minimum is attained has decreased 
to 8.8. 

She power output of each of the component units of the combina- 
tion Is shown in figure 7, as veil as the net power output for the 
values plotted in figure 3. The difference between the net power 
output and the output of the compression-icnition engine varies 
linearly vlth fuel-air ratio. The maximum net power output Is approx- 
imately 53 percent higher than the compression-Ignition engine power 
alone at a fuel-air ratio of 0.065 and a compression ratio of 8.8, 

A oomparlaon of the best performance obtainable with the 
oompreasion-ignltion engine geared together with a compressor and a 
turbine within the range of conditions used In figures 2 and 3 and 
the best performance obtainable vlth a compresalon-igaition engine 
using a turboeupercharger is shown In figure 8. The fuel consumption 
and the net specific power output of the compression-Ignition engine 
vlth a turbosupercharger were calculated, assuming an exhaust back 
pressure sufficiently high that the turbine and compressor powers 
were equal. It was also assumed that the turbine could operate with 
a closed waste gate. At the best net specific fuel consumption 
obtainable, which corresponds to a fuel-air ratio of approximately 
0.035, the decrease in net speolfic fuel consumption obtained by 
gearing the turbine to the compression-Ignition engine is only approx- 
imately 3 percent at a compression ratio of 13.0. If, therefore, 
operation at the lowest possible fuel consumption Is desired, appar- 
ently little eoonomy can be gained by gearing the turbine to the 
oompression-ignition engine. At a fuel-air ratio of 0.0G5, where the 
mnxlnnin power is obtained, the not specific fuel consumption is, how- 
ever, reduced as much as 12 percent. 

The investigation covered In reference 4 shows the theoretically 
attainable performance of a compression-ignition engine-compressor- 
turbine combination. A modified spark-ignition engine operating on 
a Diesel cycle was assumed. Tests on such an engine presented In 
reference 6 showed that the predicted results are as yet unattainable. 
The work presented herein is based on test data taken on a high-speed, 
hlgh-turbulenoe compression-ignition engine. The optimistic results 
obtained in reference 4 compared with the results presented herein 
and In reference S are probably duo to the high combustion efficiency 
Indicated by the cycle usod In reference 4, which gives a very lov 
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value for the indicated epeolflo fuel consumption. 9M test remits 
of wftwnw 3 upon «hieb the present calculations are based, aa 
«•IX aa th» data of reference 6, show rather high values of indicated 
specific fuel consumption because of the poor combustion efficiencies 
actually obtained. 

The results of the present analysis, aa veil as those of refer- 
ence 4, seett to indicate that a large increase in power with a email 
decrease in fuel consumption can be obtained by using a combination 
consisting of a Diesel engine, a compressor, and a turbine, partic- 
ularly if the compor.ant unite are highly efficient, ffiio desirability 
of gearing the turbine anil compressor to thu Diesel engine is doubt- 
ful, inasmuch as the system bocomea more complicated and the decrease 
In fuel consumption is small. 

samsa off RESULTS 

Oomputationo of the perfornance at eea-lovel conditions of a 
oonipression-ignltioa ongiuo-cani;;.raosoi--turbine combination based on 
tost data obtained fru a single-cylindor compressjon-i£?iitiou online 
at a compression rati> or 13.1 and en engine spcod of 2200 i-pn with 
the maximum cylindur prosRurc aca-jned constant at 1400 pouncis ^or 
square inch yielded the following results: 

1. The net specific power output increased with decrcasinc; 
oompre3si->n rat.:u and with increasing fuel-air ratio and engine 
speed. 

2. At en oncine s^eoc1. of 2200 r^m, with compressor and turbine 
efficiencies of 0.70 and 0.65, respectively, the not ar:ec3i'ic fuoi 
consumption reached a minim>»a value of 0.40 pound ror not h-iraepower- 
hour at a fuol-air ratio of approximately 0.C35 and a curipression 
ratio of approximately' 14.0.   When the coErireenor tnd turbine effi- 
ciencies weru raised to 0.85, the net specific fuel nonnuaribion 
reached a minimum of 0.3c: ab a comprcjsion ratio of "3.Q. 

3. With comi:.rcse->r and turbinu enYlcionclue of 0.7'J end 0.CÖ, 
respectively, docroasinc the ennine npoed from £200 to 1K00 r?o 
decreased tha minimum net sv>ocifia f.iel ccns/irition from 0.40 to 
0.37 pound per net hor3e^owar-iiour. 

4. At sea level with compressor end turbine efficiencies of 
0.70 and 0.6S, respectively, en ongino spcod of 2200 rpm, end a 
compression ratio jf 13.0, the minimum fuel consumption obtained by 
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Gearing the turbine to the conprosaion-lgnition engine wan only 
approximately 3 porcent leaf than that obtained by operating the 
conprocslon-ignitlon engine with a turboauperchareer uainj a closed 
vast a pate. 

Aircraft Engine Beseavch Laboratory, 
National AdviBory Ccnsnittee for Aei-onautica, 

Cleveland, Ohio, October 10, 1946. 
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Symbols and Abbreviations 

Sh* following symbols and abbreviations are usod la the 
IgOVrnXatlona: 

specific heat at constant pressure, Btu/lb °F 

specific heat at constant volume, Btu/lb °F 

compression exponent la equation   pV*1 » o 

exj.ienalan exponent in equation   pV° » o 

engine speed, rpm 

pressure at various points in cycle, in. Eg absolute 

atmospheric pressure, In. Eg absolute 

exhaust hack pressure, in. Eg absolute 

net heat ad&ed per pound of air, Btu/lb 

octapreBBion ratio 

out-off ratio 

gas constant for air, ft-lb/lb °F 

gas constant for erhaust gas, ft-lb/lb °F 

temperature at various points in cycle, °B 

Te temperature of exhaust son, °B 

W voric input to supercharger, ft-lb/lb air 

Wi vork output rl turbint, ft-lb/lb exhauet pjxe 

y ratio of specific heats for air 

7n effectlvo ratio of specific heats for exhaust gas 

*V 

°T 

»0 

»» 

H 

»0 

P. 

r 

*o 

It 

»a 

ki£&>, 
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aAlabatlo «ffioisooy of supercharger 

adiabatlc efficiency of turtln« 

thermal efficiency 

volumetric efficiency 

density of inlet air, lb/ou ft 

Subscripts: 

0 ambient condition» 

1 inlet to compression-Ignition engine 

8    end of compression stroke 

5    cut-off 

4    release 

Abbreviations 

bhp brake horsepower of compression-ignition engine per cubic inch 
displacement 

lhp       indicated horsepower of compresaion-iffiition engine per cubic 
Inch displacement 

nhp       net specific output of combination, hp/cu in. engine displace- 
ment 

shp power required by supercharger, hp/eu in. engine displacement 

thp output of turbine, hp/cu in. engine displacement 

fmep friction mean effective pressure, lb/so, in. 

lmep Indicated mean effective pressure,  lb/'sg. in. 

lafc indicated specific fuel consumption of engine,  lb/hp-hr 

nsfc net speciflo fuel consumption of combination,  lb/nhp-hr 

p/A fuel-air ratio 

••:«'" 'r^:r!^:i';7~rr^3?:~'^P- J> 

"V , A*- 
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The indicated 

(1) 

(2) 

,,„_ is ths »ir flow in pounds per hour per ouMo inch. 
Til* Tolurotril efficiency wa aprror.taated by assuming « *• 
Sfooted only by the inlet «A the «tau« preeouree.   The ratio of 
TOluraetric efficiency xtnder any tw conditions represent d o, 
subscripts 1 and 2 w than be .«pressed an in reference 5, but 
using the notation of this pape? 

(3) 

3T the Toluwetrio effioioncy is assuoed to be 0.86 ftoeu the 
oahaust baofc pressure is egual to the inlet-air Tiroesure, then 

JL_ 
f %>7e 

(4) 

Figure 3 shows the volumetric efficiency plotted spinet the ratio 
of «haust book prassure to inlet-air pressure for a compression 
ratio of 13.0. 

The inlet-air density ie givoa by 
51 p^ « 1.327 ^- (S) 
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<«, <8>, (*>, «4 (*) *» w*tota^ and   7« " l"M 

0.7«. 

1»»P - 15,690 jj-j£ f^ 
© 
p - 1 

(6) 

33» friction moan off active pressure vas obtained by taking the 
frlotlon Bean effective pressure of a, milticylinder crankoase at an 
•agio« speed of 23CO rpm, adding 5 pounds per square Inch for the 
dlaplaoer action of the comtireBsion-ignitlan engine, and UBlng an 
•apirioal formula obtained from an analysis of data on several 
•ingle-oylinder engines.   The equation obtained is 

fmep • 31 + 0.32 (pe - p^) (7) 

Sh» first torn on the right side of equation (7) is due to the mechan- 
ical friction and the sscond term is due to the pumping loss.    It vas 
Mourned that tho pumpJng loss is independent of the speed and the 
Mohanloal friction is proportional to the speed.    From equation (7) 
the constant of proportionality was foimd to equal 14.1 X 1C~S.    'Tho 
friction mean effective -^recsuro then becomes 

fraep o 14.1 X IT3 H + 0.33  (pG - pjj (Q) 

She power output of the compression-ignition engino then becomes 

bhp = (imep - fmop) 7537555 w 

Power outwit of turhlno. - The povor output of tho turbine was 
calculated from tho equation 

7e 'ladt - -, 
 ~ "eie 

ye-1 

/•PoV° 1 \rj (10) 

The turbine horsepover per cubic inch of engine displaccent become 

£>£&&& W.W' 

,.,r .^ — 
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Wt (1»T/A)    py   _ 
^•33,600x60 ^6^ 

-LOXlO-Oiiait^rTBe' BJf. 
~G)* 

(11) 
L     "-1      - 

«fc* temperature of the exhaust gas   1„   w calculated by the equation 
given tn reference 3, which, in the notation of the present paper, is 

Jf the following tu© relations are substituted in equation (12) 

, a* Jnc-^) (is) T4 - Xir, •l.*b 

3* " V."- r(n°"n0) 

the exhaust-gas temperature becomes 

*       Tl L(no"I1e) * *• * (7    - 1) - T0 - — ]r r0     + I7e     J-^ j 

(14) 

(15) 

The values of   r_   and   ne   were obtained from fieure 14 of rofor- 
•noe 3 and the values off    7e   and   H«,   for the axhaast £aB from 
reference 7.   Values of exhaust-eas taamerature   T0   plottod against 
ratio of exhaust Dock pressure to inlet-air pressure are shown in 
figura 10. 

„~ ri•a br supercharger. - The work injvt of the suw- 
eharaer per pound of air su^exohargod is given by the equation 

KT„ 
tf» " r - i lad y.J 

The horaepower per cubic inch is then 

r^Y - ii 

önp ""•<*•!. ooo 33,000 X SO  57.6 *T 

(16) 

(17) 
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Wet output and fuel consumption. - If the power outputs of the 
coqpwwlon-lgaition engine end. of the turbine and the power required 
*y the supercharger ore known, the not power can he found from the 
relation 

nhp • hhp + thp - 3hp 

The net speolfic fuel consumption can then he calculated 

(19) 

(bhp + g --^lafC <20> 

The Indicated specific fuel consumption for a compression ratio of 
13.1 Is given In figure 5 of reference o. 

BTfeat of Varying Compression Ratio 

Out-off ratio. - m order to find the effect of varying the coa- 
pression ratio on the cut-off ratio, the amount of huat added per pound 
of air Is assumed to he constant at a given fuel-air ratio.   From the 
following sketch 

« . ep (T3 - T2) + n
e "^° cv (T3 - T4) 

Op (T3' - T2') + ~TT °r (T3' - v> (21) 
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The Justification for the procedure eaa be found in the fact that 
tfea Mtual curve of thermal efficiency plottod against compression 
ratio la parallel to the calculated curve (fig. I, reference 9). Ths 
empirical oonstant k therefore corrects the theoretical curve to the 
actual ourve. 
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